In the present work, the aspects of magnetic and structural properties of Ni-Mn-Ga alloys are described in the framework of first-principles approach and mapped into ternary composition diagrams. The stable atomic arrangement and magnetic alignment for compositions with cubic austenite and tetragonal martensite structures across phase diagrams are predicted. It is shown that Ni-and Ga-rich compositions possess the regular Heusler structure in contrast to Mn-rich compositions with inverse Heusler structure as favorable one. Compositions with unstable austenite structure are concentrated in the left and right sides of diagram whereas compositions with unstable martensite structure are located in the low-middle part of diagram. The magnetic phase diagrams showing regions with the ferromagnetic order and the complex ferrimagnetic order for austenitic and martensitic compositions are obtained. The results of calculations are in a good agreement with available experimental data.
I. INTRODUCTION
During last decades, shape memory Ni-Mn-based Heusler alloys have attracted tremendous attention as promising materials for a wide variety of engineering applications in the areas of magnetic actuators and sensors, damping, magnetic cooling technology and other. One of the prototype of Heusler alloys is Ni 2 MnGa, which has been studied intensively for more than 30 years. The distinguishing feature of Ni 2 MnGa is a martensitic transformation in ferromagnetic (FM) state between the high-temperature austenitic phase with L2 1 -cubic structure (F m3m, space group no. 225) and a low-temperature martensitic phase with a modulated twin structure 1 at T m about 200 K. The idea of magnetically induced martensitic variant reorientation in Ni 2 MnGa has been suggested by Ulakko et al. 2 . They were the first to demonstrate magnetically induced strains of 0.2% along the [001] direction in a Ni 2 MnGa single crystal at a temperature of 265 K and a magnetic field of 0.8 T. That study laid the foundation for an intensive experimental and fundamental studies of different compositions of Ni-Mn-Ga alloys to cover various aspects, such as the crystal structure of the austenite and martensite [3] [4] [5] [6] [7] , magnetic and magnetoresistance properties 8, 9 , thermally and magnetically induced deformation 2,10,11 , magnetocaloric properties 12, 13 , heat treatment processes 3, 14 , phase diagrams [15] [16] [17] [18] [19] [20] and other.
At present, the most studied compositions of Ni-Mn-Ga alloys are concentrated in a relatively small area located near the stoichiometric Ni 2 MnGa despite the fact that the functional properties as well as magnetic and martensitic transition temperatures are very sensitive to compositions or their valence electron concentration e/a. For instance, a wellaccepted and best-studied samples are Ni 2+x Mn 1−x Ga in the composition range 0 ≤ x < 0.4 (7.5 ≤ e/a < 7.8) 17 and Ni 2 Mn 1+x Ga 1−x in the composition range 0 ≤ x < 0.6 (7.5 ≤ e/a < 8.0) 21 . For some of those compositions, the coupled magnetostructural phase transition can occur. However, other stoichiometric Mn 2 NiGa and Ga 2 MnNi and their derivatives among the Ni-Mn-Ga family have received less consideration. Nevertheless, experimental findings [22] [23] [24] have suggested that Mn 2 NiGa crystalizes to the inverse Heusler structure (F43m, space group no. 216) and undergoes the martensitic transformation in the ferrimagnetic (FIM) state at T m = 270 K with a large thermal hysteresis up to 50 K. In addition, the highest Curie temperature T C of 588 K was observed. The inverse Heusler structure in Mn 2 NiGa has been confirmed theoretically by ab initio methods 25, 26 .
It is apparent that the deviation from stoichiometry can enhance or reduce effects observed and predict new features of compounds. Often, the complexity of such studies can be caused by the problem of the synthesis of non-stoichiometric compositions, as well as their mechanical stability. On the other hand, the predictive nature of first-principle methods allows to study theoretically a wide variety of compositions beyond their stoichiometry. The most theoretical investigations of Ni-Mn-Ga have concentrated on the properties of Ni 2+x Mn 1−x Ga and Ni 2 Mn 1+x Ga 1−x (for instance see Refs. [27] [28] [29] [30] [31] [32] ). There were few attempts performed by our group to mapping structural and magnetic properties onto a ternary diagram for Ni-Mn-Ga in austenitic phase [33] [34] [35] . The total energy calculations have been done assuming the electronic minimization scheme only, which is the indirect evidence of structure stability.
In the present work, using ab initio density functional theory and full geometry optimization, we focus on the crystal structure and magnetic properties of austenitic and martensitic Ni-Mn-Ga in a wide compositional range that completely covers a ternary diagram.
II. COMPUTATIONAL METHODOLOGY
The electronic structure calculations of the crystal structure stability as well as magnetic and structural properties are performed using the the projector augmented wave (PAW) method implemented in the Vienna ab initio simulation package VASP 36, 37 . The exchange correlation effects are treated in the Perdew-Burke-Ernzerhof parametrization of generalized gradient approximation 38 . The PAW pseudopotentials for Ni(3p 6 3d 8 4s 2 ), Mn(3p 6 3d 6 4s 1 ), Ga(3d 10 4s 2 4p 1 ) are considered. The uniform Monkhorst-Pack k-point mesh (8 × 8 × 8) is used to sample the Brillouin zone. The crystal structures of austenitic and martensitic phase as well as both lattice parameters and atomic coordinates are optimized using the conjugategradient algorithm for the minimization of forces acting on the atoms. The convergence criterion for the residual forces is 10 −5 eV/Å as well as all calculations are converged to an accuracy of 10 −6 eV.
To form various compositions covered fully the ternary diagram of Ni-Mn-Ga, 16-atom supercell is taken into consideration depending on a content. Thus, 105 compositions are generated with the concentration step of 6.25 at.% as shown in Fig Since the excess Mn atoms placed at Ni or Ga sites can interact antiferromagnetically with Mn atoms located at regular sites, the various magnetic configurations should be assumed. For area I, the ferromagnetic (FM) spin order is considered only, while in the case area II, FM state and two ferrimagnetic (FIM) states labeled as FIM-1 and FIM-2 are taken into account. For FIM-1 and FIM-2, the Mn excess atoms located at Ni and Ga sites have a reversed magnetic moment to that for Mn atoms, which occupy the regular sites. Finally, for area III, FM state and seven FIM states are accounted due to a various combinations of Mn magnetic moments. The list of all magnetic configurations is presented in SM 39 .
To analyze the stability for 105 calculated compounds in austenite and martensite phase, a two-step procedure is used. In the first step, the geometric optimization calculations for compositions with initial cubic and tetragonal structure are carried out. The guess lattice parameters are taken from our previous calculations assuming electronic relaxation only 35 . In the second step, a minimal criterion in terms of formation energy is proposed for energetically favorable compositions. It is assumed that a structure will be stable if the total energy of Ni-Mn-Ga structure is less than the sum of total energies of its elements,
x, y, and z are the atomic percents of Ni, Mn, and Ga.
III. RESULTS AND DISCUSSION
In the following, we discuss firstly the stability of austenitic phase in compounds considered. Figure 2 presents the structural phase diagram of austenite obtained from the ionic relaxation calculations. We find that 65 compositions possess a cubic structure with a favorable atomic arrangement as follows: Ga atoms placed at 8c sites. In passing it should be mentioned that 40 compounds with initial cubic structure became tetragonally and orthorombically distorted structures at the end of relaxation. These are 18 compositions with Ga and Ni excess more than 60 at.% and compositions with almost equiatomic Ni and Ga content (area I), 13 compositions with almost equiatomic Ni and Mn as well as Mn and Ga atoms (area II), and 9 compositions with Mn excess more than 50 at.% (area III). The geometric optimization carried out for compounds with the initial tetragonal structure has revealed that 13 compositions are found to be energetically unfavorable due to higher total energy as compared to austenitic phase. These are 11 Ga-rich and almost equiatomic Ni and Ga compositions from the area I, and two compositions with almost equal Mn and Ga content from the area II. The list of stable compositions is presented in SM 39 . We would like to emphasize the quantity of unstable compounds in austenite phase resulting from ionic relaxation calculations is found to be larger as compared to those obtained from electronic relaxation calculations 35 .
In Fig. 3 we show the formation energy for compositions with austenite and martensite phase mapped onto the ternary diagram. As can be seen the formation energy is negative for all compositions depicted indicating their possible stability. Compositions located at the middle part of diagram have larger negative values of the formation energy in comparison with Ga-, Ni-, and Mn-rich compositions. Nevertheless, these observations suggest that compositions with a small formation energy should be stable at high temperatures. It is worth mentioning that the criterion of stability in terms of formation energy is not rigorous since some of compositions can decompose against the alternative binary and ternary stable prototypes 40 . But these calculations are time-consuming and demanding. Therefore, we restrict our attention to the formation energy calculations only. Figure 4 illustrates the ternary plots of equilibrium lattice constant a 0 of austenite ( Fig. 4(a) ) and tetragonal ratio c/a of martensite ( Fig. 4(b) ) in their favorable crystal structures. Notice, for compounds with unstable austenite structure, the lattice constant a is displayed for martensite structure. In addition to that for several Ga-and Ni-rich compositions, martensitic phase is relaxed to the orthorhombic structure. For these compounds the c/a ratio is mapped only. The calculated lattice constants for both austenite and martensite structures are summarized in SM 39 . Notice that the lattice constant for the stoichiometric Ni 2 MnGa, Mn 2 NiGa, and Ga 2 MnNi are found to be ≈5.81, 5.84, and 5.95Å, respectively. These values are close to experimental ones (5.82Å for Ni 2 MnGa 1 , 5.9Å for Mn 2 MnGa 22 , and 5.84Å for Ga 2 MnNi 41 ). The compositions possessing the largest lattice parameter a 0 of austenite structure are located at the left part of ternary diagram with Ga excess content. As Ga content decreases, the lattice constant is found to reduces also, and the smallest values of a 0 are observed for Mn-and Ni-rich compositions placed at the top and right corners of diagram, as shown in Fig. 4(a) . These findings are connected with the larger atomic radius of Ga in comparison with that for Ni and Mn, while for the latter atomic radii are almost close to each other. Concerning the martensitic phase, it is seen from Fig. 4(b) that compositions with a high Ga content (z 85 at.%) and a low Ni content (x 7 at.%) are stable in the orthorhombic structure with 0.9 < b/a < 1 and 1.3 < c/a < 1.4. Ga-rich compounds with the tetragonal structure have the largest values of c/a ratio in the range of 1.4 < c/a < 1.5, while Mn-and Ni-rich compounds show c/a ratios in the range of 1.3 < c/a < 1.4 and 1.2 < c/a < 1.3, respectively. Moreover, compositions with Ga (31 < z < 56 at.%) and Mn (y < 35 at.%) are stable only in the austenitic cubic phase (c/a = 1). It should be mentioned that we did not consider the three corners of the ternary diagram represent pure Ni, Mn, and Ga. Nevertheless, the data of tetragonality for the limiting compositions Ni 87.5 Mn 6.25 Ga 6.25 , Mn 87.5 Ni 6.25 Ga 6.25 , and Ga 87.5 Mn 6.25 Ni 6.25 argues qualitatively with pure elements. Thus, the Ni-rich compound has the cubic structure (c/a = 1), the Ga-rich compound show the the orthorhombic structure (b/a < 1 and c/a > 1), while the Mn-rich compound has the tetragonal structure (c/a = 1.36). Actually, the complex ground state of pure Mn has been discussed in Refs. [42] [43] [44] .
In Fig. 5 we demonstrate the mapping of total magnetic moment for stable compositions in the austenite and martensite. Here, we marked additionally areas with favorable magnetic configurations. On the whole, there is a vague similarity between these results obtained for austenite and martensite. Namely, compositions with Ga and Mn excess atoms concentrated in the areas I and III possess a small magnetic moment in contrast to the compositions with Ni excess atoms. For compositions from the area I, small values of magnetic moment are concerned with a large amount of non-magnetic Ga atoms that dilutes the ferromagneticallyordered subsystem. Whereas for compositions from the area III, small magnetic moments are due to an opposite spin orientation between Mn atoms located at different sublattices. The largest magnetic moments are found to be 5.5µ B /f.u. and 4.52µ B /f.u. for austenite Ni 62.5 Mn 31.25 Ga 6.25 and martensite Ni 68.75 Mn 25 Ga 6.25 , which are located in the area II. Besides, the largest difference between magnetic moments in austenite and martensite is found to be ≈ 2.5 µ B /f.u. for compositions from the area II (50 < x Ni < 75 at.% and z Ga < 25 at.%) and the area III (10 < x Ni < 35 at.% and z Ga < 25 at.%).
The knowledge of total energy for the favorable austenitic and martensitic phases allows us to estimate the martensitic transition for compositions under study by means of a crude approach ∆E ≈ k B T m . Here ∆E is the energy difference between austenite and martensite, k B is the Boltzmann constant, and T m is the martensitic transition temperature. The contour map of T m distribution is depicted in Fig. 6 . As evident from the figure, the T m temperature increases with decreasing Ga content (increasing e/a) and thereby that approves the experimental behavior of T m (e/a). Conventionally, we can assume that for compositions with Ga content z > 25 at.%, martensitic transition temperature can take place at temperatures less the room temperature. The smallest values of T m are found for compositions from the areas I and II, while the largest ones are observed for compositions concentrated along the right side of ternary diagram. A correlation between Fig. 4(b) and 6 allows us to conclude that a high martensitic transition temperature is observed for compositions with a large tetragonality (c/a ratio) of the martensitic phase.
IV. CONCLUSIONS
In the present work, the magnetic and structural properties of 105 Ni-Mn-Ga compositions were systematically explored in the framework of first-principles DFT calculations with 16atom supercell approach. The main results were mapped into the ternary diagrams. The favorable atomic and magnetic configurations for austenitic and martensitic phase were also determined. It was shown that 40 compositions concentrated essentially in the second half of left side and the first half of right side of ternary diagram are found to be unstable in the austenitic phase. Whereas for the martensitic phase, it was found that the compositions with a high Ga content have an orthorhombic structure while the remain compositions possess a tetragonal structure instead of the low-middle part of diagram. For the latter compositions, the martensitic phase was to be unfavorable. Concerning the magnetic phase diagrams, they were observed to be similar with a ferromagnetic and complex ferrimagnetic order for compositions in austenite and martensite. It was shown that the most compositions with Mn content y Mn > 25 at.% are ordered ferrimagnetically. The present calculated material properties can be useful for design of novel compositions which could have specific properties. However, the prediction problem of a structural stability for such compositions should be expanded to the study of segregation processes also, which can occur in Heusler alloys. But, these calculations are time-consuming and beyond the scope of present research. Such systematic study of ternary Ni-Mn-based Heusler systems would be highly welcome.
V. SUPPLEMENTARY MATERIAL
Ground state properties of stable austenitic and martensitic phases, as well as martensitic transition temperature T m for Ni-Mn-Ga considered compositions.
